Introduction
The development of a variety of agents which bind vascular endothelial growth factor (VEGF) or block its signaling via VEGF receptors (VEGFRs) has resulted in a body of research demonstrating that interruption of this axis is broadly effective in inhibiting pathologic angiogenesis. The accumulating clinical experience with the anti-VEGF antibody bevacizumab has largely borne out the initial experimental findings (1, 2) . Yet these results have equally clearly presented a new problem: virtually all patients who receive this form of therapy will ultimately progress. These observations raise the question of whether alternative proangiogenic mechanisms can support tumor vessels when VEGF signaling is blocked.
Withdrawal of VEGF can cause small endothelial vessels lacking pericytes to undergo rapid apoptosis, while those with associated mural cells preferentially survive (3, 4) . Vasculature that persists during VEGF blockade demonstrates mural cell recruitment and perivascular expression of molecules implicated in vascular remodeling, including angiopoietin-1 (Ang-1) (5) (6) (7) (8) . Yet the role of Ang-1 signaling in tumorigenesis has been difficult to define, with widely varying results of overexpressing this factor in different tumor systems. Some workers have found significant restriction of tumor growth and angiogenesis in models of experimental colon cancer and squamous cell carcinoma (9, 10) . Conversely, Machein et al and Shim and coworkers noted increased tumor growth in glioma and cervical cancer models (11, 12) .
One potential explanation for these differences may be that the effects of Ang-1 are context-dependent. For example, Tie-2 activation may enhance endothelial survival signaling and tumor perfusion in conditions of microenvironmental stress, when other signals are relatively deficient (13) (14) (15) . In support of this concept, Winkler and coworkers have reported that VEGF inhibition can induce expression of Ang-1, which is associated with improved tumor perfusion (16) . Casanovas et al have reported that tumors progressing during treatment with anti-VEGF receptor-2 antibody are not hypoxic, and also noted expression of Ang-1 (7) . VEGF can promote proteolytic processing and shedding of the extracellular domain of Tie-2, suggesting that loss of VEGF might increase availability of this receptor (17) . Collectively, these observations raised the possibility that Ang-1/Tie-2 activation may function to support tumor vasculature in the specific context of VEGF blockade.
To study this question, we investigated the effect of Ang-1 stimulation in the SK-NEP1 model, which we have previously shown to be highly susceptible to destabilization by VEGF blockade (18) . In these studies we find that overexpression of an Ang-1 construct (Ang1*) neither limited nor promoted initial growth of tumors prior to VEGF Trap treatment. Instead, stimulation of this axis by Ang1* remodeled vasculature. Overexpression of Ang1* or administration of the engineered tetrameric Tie-2 agonist BowAng1 (19) functioned to stabilize vasculature, rendering xenografts resistant to regression during blockade of VEGF. When VEGF was inhibited, vascular remodeling and survival signaling increased in Ang1* tumors as compared to controls, whereas hypoxia was reduced. Thus, these results indicate that Ang-1/Tie-2 function exerts specific effects on tumor vasculature that are functionally important in the context of VEGF inhibition, supporting the potential significance of this pathway as a preconditioning or compensatory mechanism affecting the response to anti-VEGF treatment.
Materials and methods

Transfection of SK-NEP-1 cells with the Ang1* construct.
Cultured human SK-NEP-1 cells (American Type Culture Collection, Manassas, VA) were maintained in McCoy's 5A medium (Mediatech, Fisher Scientific, Springfield, NJ) with 15% fetal bovine serum and 1% penicillin-streptomycin (Gibco, Grand Island, NY). Cells were grown at 37˚C in 5% CO 2 until confluent. The Ang1* construct has been previous described, and retains the agonistic properties of human Ang-1 for Tie-2 (20) . Briefly, in Ang1* the nonconserved cysteine at residue 245 of human Ang-1 has been mutated to the corresponding serine residue of Ang-2, and the first 77 amino acids replaced with the first 73 residues of Ang-2. This construct was inserted into a retroviral vector (pLTR) which contains an IRES GFP. Cultured SKNEP1 cells were infected with retrovirus, and sorted by flow cytometry. ELISA analysis and Western blotting of cell culture media were used to verify target protein production. SK-NEP1 cells transduced with the empty vector (SK-NEP1-GFP) were used as controls. To confirm stable expression of the construct throughout the experiment, we first assessed expression of Ang1* by Western blot analysis using anti-human Ang-2 (N-18) antibody (Santa Cruz: sc-7016, 1:500). Total proteins were extracted from the tumor tissues and the cultured cells using cell lysis buffer (10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 2 mM EDTA, 1% Triton X-100, 10% glycerol, 2 mM sodium orthovanadate, and complete protease inhibitor cocktail). Equal amounts of proteins were subjected to SDS-PAGE and transferred to nitrocellulose membranes. Proteins were visualized with an enhancer chemiluminescence (ECL) detection kit (Amersham Biosciences, Piscataway, NJ). Erk protein expression detected by stripped same membrane using p44/42 MAP Kinase antibody (Cell Signaling) was used as a loading control.
To confirm that this signal derived from the construct, we combined immunoprecipitation for a C-terminal sequence of Ang-1 with Western blotting for the N-terminal sequence of Ang-2. Total proteins were prepared from the tumor tissues and cultured cells using cell lysis buffer (see above). Equal amounts of proteins were incubated with 0.5 μg of primary antibody (anti-human Ang-1, cat no. A 1104, Sigma-Aldrich Corp., St. Louis, MO) and 20 μl protein A agarose beads (Santa Cruz) overnight at 4˚C. Samples were centrifuged and the supernatants were discarded. The beads were washed three times with cell lysis buffer and resuspended in 2X sample buffer. The samples were boiled and subjected to SDS-PAGE and transferred to nitrocellulose membranes, and immunoblotted for Ang-2 as above. A recombinant human Ang-1 protein (R&D Systems, Inc.) was used as a positive control. We also performed the reverse immunoprecipitation/Western blotting using the same antibodies in reverse order, with an essentially identical result. Last, we performed RT-PCR to confirm construct expression using following primers designed to flank the site where the N-terminal Ang-2 sequence links with Ang-1: 5'-GCA GCC TAT AAC AAC TTT CGG AAG-3'; 5'-GGG TCT CAA CAT CTG TCA GCT TTC-3' (data not shown). BowAng-1 experiments. Tumor implantation was performed as above, and animals with palpable tumors randomly divided into 3 groups after 29 days of growth. Mice were: i) injected subcutaneously with BowAng-1, an engineered tetrameric construct that induces phosphorylation of Tie-2 in cultured endothelial cells (19) (25 mg/kg three times per week); ii) injected subcutaneously with human Fc (25 mg/kg biweekly); or iii) left untreated. These non-treated tumor-bearing mice were euthanized 35 days after implantation to provide control tumor weights and vasculature. At the same time, BowAng-1 pre-treated mice started to receive VEGF Trap (25 mg/kg biweekly) and the Fc pre-treated group was randomly subdivided to receive continued Fc injections or VEGF Trap (25 mg/kg biweekly). All tumors were monitored by caliper measurement throughout the course of the study. Mice from each group were euthanized on treatment day 0, treatment day 5, or treatment day 27 (N=4 for each group at each point). Before dissection, selected mice were perfused with 4% paraformaldehyde solution in PBS. Tumors were post-fixed with 4% paraformaldehyde solution in PBS.
Lectin perfusion. Before death, selected mice at each time-point underwent intravascular injection of fluorescein-labeled Lycopersicon esculentum lectin (100 μg in 100 μl saline, Vector Laboratories) into the left ventricle. Vasculature was fixed by infusion of 1% paraformaldehyde followed by PBS.
Immunohistochemistry. Thick sections (5-μm) were deparaffinized in xylene, rehydrated, and endogenous peroxidases quenched in 3% hydrogen peroxide (Sigma-Aldrich). Specimens were incubated with antibody (PECAM, rat anti-mouse platelet endothelial cell adhesion molecule-1 monoclonal antibody, Research Diagnostics, Inc., Flanders, NJ, 1:50 dilution; ·SMA, monoclonal anti-· smooth muscle actin; collagen type IV, CosmoBio, Japan, 1:1000; NG2, Chemicon, CA, 1:100), and biotinylated secondary antibody (Zymed, Grand Island, NY). Enhanced horseradish peroxidaseconjugated streptavidin and a substrate chromogen, AEC (3-amino-9-ethyl carbazole), were used to visualize signals. Immunofluorescence was performed on frozen specimens. Sections (5-μm) were cut from tumors embedded in OCT and stored at -80˚C. Slides were brought to room temperature, washed in ice-cold acetone for 10 min, incubated with avidin/ biotin, CAS blocking solutions and primary antibody as described above. A biotinylated secondary antibody was used in combination with fluorescein-labeled avidin to visualize signals. Slides were examined with a Nikon Eclipse E600 or a Zeiss Axiophot microscope. Four magnification x400 fields in 4 different tumors were examined.
Quantitation of gene expression by real-time PCR.
Total RNA was extracted from tumor tissues using Rneasy Plus Mini Kit (Qiagen) and was processed directly to cDNA synthesis using TaqMan ® Reverse Transcription Reagents Kit (Applied Biosystems). PCR primers and TaqMan probes for human VEGF (Hs00173626_m1) and CXCL12 (Hs00171022_m1) were purchased from Applied Biosystems. Human ß-actin (Applied Biosystems) was used as an endogenous reference. Quantitative real-time PCR was performed using the ABI PRISM 7900 Sequence Detection System (Applied Biosystems). Data are calculated by 2-ΔΔCt method as described by the manufacturer and are expressed as the fold increase over the indicated controls (1.0) in each figure.
Digital image analysis. Digital images from immunofluorescence and fluorescein-labeled lectin studies were captured from a Nikon E600 fluorescence microscope with a Spot RT slider digital camera (Diagnostic Instruments, Sterling Heights, MI) and stored as TIFF files. Vessel radius was determined by immunofluorescence for ·SMA and analyzed using software Adobe Photoshop 7.0 (Adobe Systems, Mountain View, CA) and Image Processing Toolkit (IPTK 5 IPTK 5, Reindeer Graphics, Raleigh, NC). Briefly, background fluorescence is subtracted (AutoLevelDark), Gaussian filter applied to reduce electronic and background noise (Gaussian Blur, radius = 1.0 pixel), and grayscale levels linearly expanded (Auto Levels). A common threshold level is applied that preserves correct vascular morphology (Threshold). The image is inverted (Invert) and dilated to lessen gaps (Classic Morphology>Dilate), small particles representing background removed (Reject Features), and vessel holes filled in (Fill Holes). The average of the inscribed radius is determined as a measure of vessel radius. Sixty images from SK-NEP1-GFP (3 different tumors) and 49 images from SK-NEP1-Ang1* (3 different tumors) were analyzed. To assess MVD and vessel length, quantitative assessment of tumor vessel architecture was performed by computer-assisted digital image analysis as previously described (21) . The fraction of fluorescein-labeled lectin-positive pixels per total field was quantified. Specific changes in vessel architecture are evaluated by quantifying branch points (nodes), end-points, and total vessel length. Images are analyzed after application of a common threshold, image inversion, morphological erosion, and skeletonization, again using a combination of Photoshop and Image Processing Toolkit.
Statistical analysis. Statistical comparison was performed using the Analyse-It add-in software package for Microsoft Excel. Kruskal-Wallis analysis was used to compare tumor weights and numeric values resulting from computerized image analysis.
Results
Ang1* expression induces vessel remodeling but does not alter tumor size.
To examine the role of Ang-1/Tie-2 activation in the setting of VEGF blockade, we utilized the SK-NEP1 model. We have previously shown that SK-NEP1 xenografts are relatively VEGF-dependent, and can be significantly regressed by VEGF Trap (18) . SK-NEP1 cells were engineered to express either the Ang1* construct, in which the N-terminal sequence is replaced by that of Ang-2, and which has previously shown to be a potent Tie-2 agonist comparable to native Ang-1 (20) , or GFP (a schematic comparison of Ang-1, Ang1*, and BowAng-1 is presented in Fig. 1A) . We confirmed that Ang1* secreted from our tumor cells could activate Tie-2 in cultured endothelium (Fig. 1B) . Ang1*-and control GFP-transfected SK-NEP1 cells were implanted in nude mice, and allowed to grow for 5 weeks. At this point (day 0) a cohort of animals was sacrificed for analysis of vessel architecture and tumor weights. We reasoned that Ang-1/Tie-2 signaling might alter vascular assembly by promoting remodeling and maturation of vessel networks, potentially influencing tumor perfusion and growth. However, expression of Ang1* did not change tumor weight as compare to GFP- The ability to activate Tie-2 resides in the C-terminal fibrinogen-like domain, and its bioactivity therefore resembles native Ang-1. BowAng1 is a tetrameric Ang-1 mimetic which takes advantage of the requirement for higher-order multimers for Tie-2 activation, and which potently stimulates this axis (19) . (B) Ang1* secreted by SKNEP-1 cells stimulates Tie-2 phosphorylation in cultured human endothelial cells. Recombinant human Ang-1 was used as a control. Stimulation was less pronounced but also present in murine endothelioma cells (BEnd3). (C) Tumor weights did not differ in Ang1*-and GFP-expressing SK-NEP1 xenografts after the initial 5.5 weeks of growth. (D) Vasculature is remodeled in Ang1* tumors as compared to GFP-expressing controls. Immunostaining for vascular basement membrane (Collagen IV) and endothelial cell (PECAM) markers demonstrates a decrease in fine branching in Ang1* tumors. There is a distinct increase in recruitment of cells expressing the nascent pericyte marker NG2(+)to vessels, without a corresponding increase in the marker for the more differentiated mural cells (alpha smooth muscle actin, ·SMA). (E) Corresponding to the greater predominance of large caliber vessels in Ang1* tumors suggested by immunostaining, mean vascular radius is increased 124.4% versus GFP-transfected xenografts at day 0 (P<0.0001).
transfected controls (Fig. 1C) . Thus, despite ability of Ang1* to activate Tie-2, increased activity of this axis did not affect tumor growth in our model.
Because Ang-1 may also alter recruitment of different vascular cell types (e.g., Tie-2 expressing endothelial and pericyte progenitors) to forming vessels, we examined these components. Immunostaining for the endothelial marker platelet-endothelial cell adhesion molecule-1 (PECAM) demonstrated decreased branching in Ang1* expressing tumors, consistent with a shift to larger-caliber vasculature (Fig. 1D) . To examine changes in recruitment of vascular progenitor cells, we immunostained for neural-glial 2 (NG2), a marker for early pericytes. Intriguingly, the distribution of NG2(+) cells differed distinctly in Ang1* tumors, with intraluminal cells present. In contrast, similar distribution of alpha-smooth muscle actin (·SMA), a marker for differentiated vascular mural cells, was found in both tumor types, although Ang1* tumors were relatively enriched in ·SMA(+) largecaliber vessels (Fig. 1D) .
One established effect of Ang-1/Tie-2 activation is to increase the caliber of vessels, as seen in the skin of transgenic mice (22) . Therefore, we used computer-assisted image analysis of fluorescent immunostaining for perivascular mural cells (·SMA) to compare vessel diameters in Ang1*-and GFP-expressing tumors at day 0. The mean inscribed radius of Ang1*-tumor vessels increased to 124% of GFP-transfected control vasculature (P<0.0001; Fig. 1E ). Taken together, these data suggest that SK-NEP1 tumors which express Ang1* recruit vascular cells and form vessel networks which are structurally distinct from controls, yet without substantially restricting or promoting tumor growth.
Tumors engineered to overexpress Ang1* are resistant to regression by VEGF blockade. We have previously reported that preformed vasculature in this model is largely ablated by treatment with VEGF Trap, with 80% regression of established tumors after 36 days of treatment (18) . Biweekly injections of VEGF Trap (25 mg/kg intraperitoneally) were initiated. Control GFP-expressing control tumors were regressed by 80% at day 36 (5.6±1.0 g, day 0 vs. 1.0±0.3 g, day 36, P=0.0003), reproducing the results observed in parental tumors (18) . In contrast, Ang1*-expressing tumors did not regress (4.9±1.8 g at day 56 of treatment versus 4.5±1.1 g at day 0; Fig. 2 ), displayed no gross necrosis, and formed visibly increased surface vasculature by day 36 (data not shown). Growth of untreated Ang1*-expressing and GFP-expressing tumors was equivalent to previously described controls (18) . We confirmed that tumor expression of Ang1* persisted at similar levels at day 0 and the end of the experiment (data not shown). Thus, tumor regression was prevented by Ang1* expression. Ang1* expression reduces tumor hypoxia. If tumor perfusion had been stabilized by Ang1* during VEGF Trap treatment, oxygen delivery would be predicted to be maintained. We therefore assessed hypoxia using pimonidazole injection just prior to euthanizing mice. Whereas GFP-expressing tumors displayed widespread necrosis and hypoxia after 36 days of treatment, Ang1* tumors were much less necrotic and only minimally hypoxic (Fig. 3A) . Reduction in hypoxia would be predicted to similarly influence expression of known hypoxia-regulated factors. Therefore, we examined expression of VEGF and CXCL12 in tumor extracts by real-time PCR. Whereas expression of both factors was significantly increased in VEGF Trap-treated control tumors, this effect was blunted in Ang1* expressing tumors, with a smaller increase in VEGF and no detectable increase in CXCL12 expression (Fig. 3B) . Collectively, these results suggest that Ang1* expression reduced hypoxia, enabling tumors to persist.
Ang1* expression prevents vascular ablation by VEGF Trap.
We have previously shown that VEGF inhibition causes rapid loss of vessels in the SK-NEP1 model, with ablation of small branches detected as early as 24 h after treatment (21) . In contrast, VEGF Trap caused modest alterations in Ang1*-expressing tumor vascular networks, which were most evident early in treatment. Pruning of small endothelial branches was detectable at days 1 and 5, although this effect was slight compared with the widespread vascular ablation noted at the same timepoints in our previous studies of SK-NEP1 (21) . In order to analyze these changes quantitatively, we performed computerized image analysis of lectin perfusion studies (18) (Fig. 4A) . Although the total number of vessels decreased by 51% between days 0 and 5 ( Fig. 4B, vessels; P=0.005), total vessel length and mean vascular density were largely maintained (Fig. 4B, MVD to protect tumors from regression induced by VEGF blockade, we tested the effect of administering an engineered angiopoietin tetramer which activates Tie-2 (Ang-F 1 -Fc-F 1 , BowAng-1 (19); Regeneron Pharmaceuticals; a schematic comparison of native Ang-1 with Ang1* and Bow-Ang-1 is shown in Fig. 5 ). SK-NEP1 tumor cells were implanted as above. After 29 days, mice with palpable tumors were randomly divided into three groups, receiving: i) BowAng-1 (25 mg/kg injected subcutaneously thrice weekly); ii) human IgG1 Fc protein (25 mg/kg biweekly); and iii) no treatment. The last group was sacrificed 35 days after implantation [day (-7)] to establish baseline vessel architecture and tumor weight (2.6±0.9 g). After 13 days of pre-treatment (day 0), tumor weights in BowAng-1 and Fc pre-treatment groups were similar to each other (4.0±1.3 g and 3.6±1.1 g, respectively), consistent with our finding that Ang1* overexpression did not increase untreated tumor weights at day 0 (above).
Fc pre-treated mice were then randomly subdivided to receive: i) continued Fc injections; or ii) injections of VEGF Trap (25 mg/kg biweekly). BowAng-1 pre-treated mice remained on the same treatment regimen and additionally started to receive VEGF Trap injections (25 mg/kg biweekly). Mice from each treatment group were euthanized on treatment days 5 or 20-27 for tumor weight evaluation. In the short term (day 5) VEGF Trap induced some tumor growth delay in both Fc and BowAng-1 pre-treated mice as compared to Fc-treated controls (3.8±1.2 g and 4.2±2.2 g respectively, vs. 5.9±0.9 g; Fig. 4 ). In the longer term, however, BowAng-1 strikingly decreased sensitivity of tumors to VEGF Trap, resulting in large tumors in BowAng-1 + VEGF Trap-treated mice comparable to Fc-treated controls (7.8±1.9 g vs. 9.1±1.6 g). Tumors in VEGF Trap-treated mice showed growth arrest or partial regression (2.7±0.5 g, P=0.043) consistent with our previous data (18) . There was a linear correlation between circulating hVEGF/VEGF trap complex levels and renal tumor weights, indicating that VEGF Trap level and distribution seemed to be sufficient to capture all tumor-derived hVEGF. Taken together, these results indicate that sustained activation of Ang-1/Tie-2 is capable of sufficiently protecting tumors such that regression by VEGF Figure 3 . Tissue hypoxia is diminished in Ang1*-expressing tumors during VEGF Trap treatment. (A) Using pimonidazole staining, GFP-expressing controls were found to be extensively necrotic and hypoxic at day 36, whereas Ang1*-expressing xenografts were minimally hypoxic at the same time-point, consistent with comparatively robust perfusion. (B) VEGF Trap treatment stimulated expression of the hypoxia-regulated factors VEGF and CXCL12 (SDF-1) in GFPtransfected tumors, whereas expression was blunted in Ang1* expressing tumors, consistent with decreased hypoxia.
Trap is prevented, presumably by protecting vasculature and preserving tumor perfusion.
Discussion
Multiple groups have reported that inhibition of VEGF causes vascular remodeling, and can induce tumor expression of Ang-1. However, overexpression of Ang-1 stimulates divergent responses depending on tumor type, ranging from promotion to limitation of growth. These disparate observations suggest that Ang-1 may function in a context-dependent manner in neoplastic vascular beds. Tie-2 activation plays a critical role in vessel integrity, both in developing embryos (23) and in adult vasculature, and can protect endothelial cells from microenvironmental stress by activating survival pathways (24, 25) and stimulating mural cell recruitment (23, 26) . Overexpression of Ang-1 can restrict formation of new capillary sprouts, which appears to require temporary destabilization of the vascular wall by its partial antagonist Ang-2 in concert with VEGF (27) (28) (29) . Thus, Ang-1 may be most likely to stabilize tumor perfusion and growth in systems with unstable or stressed vasculature, whereas it may limit growth in tumors dependent on rapid vascular sprout formation. Our SK-NEP1 model may represent an intermediate in this spectrum, since Ang1* expression neither promoted nor limited tumor growth, although distinct architectural changes in vasculature were found. The increased diameter, mural cell recruitment, and reduction in fine branches in Ang1*-expressing tumors compared to SK-NEP1 controls are changes seen in vascular beds that survive when VEGF is withdrawn (4), and may be consistent with a shift to a vessel phenotype that is less dependent on VEGF signaling. . esculentum perfusion studies demonstrate large vessels with an erratic network of fine branches in Ang1* tumors prior to treatment (day 0). These larger vessels persist despite ablation of the irregular small vessels after 1 and 5 days of VEGF Trap treatment, suggesting that this second population is VEGF-dependent. These alterations were strikingly different from those previously reported in perfusion studies of control SK-NEP1 xenografts during days 1 and 5 of VEGF Trap administration, in which the bulk of vasculature is eradicated by day 5 (21) . Similar loss of fine branches was observed on PECAM immunostaining. (B) We quantitated these findings using computerized image analysis of lectin perfusion studies. Whereas vessel number decreased significantly by day 5 of treatment (51% of day 0 values; P=0.005), mean vessel density and vessel length were not significantly changed (83% of day 0 values; P=NS). Thus, vascular ablation is significantly blunted in Ang1*-expressing tumors during VEGF Trap administration, as compared with SK-NEP-1 controls (18) .
Previous data support additional functions for Ang-1 that promote perfusion. Overexpression of Ang-1 in ischemic muscle increases maximal blood flow although resting flow is unchanged (30) . Further, Ang-1 can stimulate the assembly of higher-order vessel networks, restoring hierarchy to retinal vessels even when pericytes are absent (12) . Taken together, these data suggest that Tie-2 signaling can acutely contribute to the appropriate distribution of blood supply in response to tissue demand. In addition, recent work demonstrates that Ang-1 can cause endothelial proliferation leading to enlargement of pre-existing vessels (31) . Thus, these properties may have contributed to maintenance of the blood supply during VEGF blockade in tumors overexpressing Ang1* or treated with BowAng-1.
In contrast to the virtual ubiquity of VEGF in human cancers, responses to VEGF blockade differ between tumor types. Similarly, expression of Ang-1 in clinical samples is variable. The role of Ang-1 in tumor angiogenesis has consequently been controversial. In our model, overexpression of Ang1* and administration of BowAng-1 profoundly altered the response to VEGF blockade. Whereas control and GFP-expressing tumors were initially 80% regressed by VEGF Trap, Ang1*-expressing xenografts were not regressed, and BowAng1-treated tumors actually grew. Our findings suggest that Tie-2 activation may most strongly influence tumor growth when VEGF signaling has been suppressed in a VEGF-dependent system, as a modulator of the response to sustained hypoperfusion. It is not yet known how generally this phenomenon will apply to other tumor types or sites of tumor growth. We have investigated the effects of Ang1* on heterotopic subcutaneous tumor growth using SK-NEP1 cells and C6 glioma cells coimplanted with Matrigel, and have not seen vascular resistance to the effects of VEGF inhibition on tumor growth. While we have focused in the current study on possible vascular changes mediated by Tie-2 activation as a means of tumor resistance, the precise mechanisms by which this axis promotes the apparent resistance to VEGF blockade in orthotopic SK-NEP1 tumors remain to be completely elucidated.
Thus, these studies support a model in which Ang-1/Tie-2 signaling can shift vasculature to a less VEGF-dependent state, functioning as a compensatory mechanism when tumor vasculature is stressed by VEGF blockade. In the postnatal trachea, Ang-1 can protect vasculature from regression by VEGF Trap (32), indicating that it can protect preformed vessels from VEGF withdrawal in the physiologic setting. Our findings extend these data by providing evidence that Ang-1/Tie-2 activation can remodel pathologic vasculature prior to VEGF blockade and rescue perfusion when treatment begins. Together these effects are likely to decrease VEGF dependence of tumor vasculature, maintaining the blood supply and survival of neoplastic cells.
Targeting vasculature has been validated as a cancer therapy. The specific success of VEGF blockade has propelled agents that block this molecule into widely used clinical protocols. It is equally clear that this therapy varies in effectiveness between tumor types, and that even patients with meaningful responses may ultimately experience tumor progression. Our results provide evidence that Tie-2 activation can protect tumor vasculature from destabilization by VEGF blocking agents, and suggest that investigating this pathway as a potential contributor to vessel survival during chronic microenvironmental stress may be a rational next step. Figure 5 . Injection of an Ang-1 agonist prevents regression and permits tumor growth during VEGF Trap treatment. In order to confirm the ability of Ang-1/Tie-2 signaling to protect tumors from regression induced by VEGF blockade, we injected an engineered angiopoietin tetramer which activates this axis [Ang-F 1 -Fc-F 1 , BowAng-1 (19); Regeneron Pharmaceuticals]. SK-NEP-1 xenografts were allowed to grow for 29 days. Mice with palpable tumors were then randomly divided into three groups, receiving: i) injections of BowAng-1 (25 mg/kg delivered subcutaneously three times per week); ii) human IgG1 Fc protein (Fc; 25 mg/kg biweekly); and iii) no treatment. Untreated mice were sacrificed 35 days after implantation [day (-7)] to establish baseline vessel architecture and mean tumor weights (2.6±0.9 g). After 13 days of pre-treatment (day 0), tumor weights in both BowAng1 and Fc pre-treatment groups were similar to each other (4.0±1.3 g and 3.6±1.1 g, respectively). At this point, Fc pre-treated mice were randomly subdivided into two treatment groups that either continued to receive Fc (empty triangles) or Fc + VEGF Trap injections (filled triangles). BowAng1 pretreated mice remained on the same regimen and additionally started to receive VEGF Trap injections (filled circles). Mice were sacrificed on treatment day 5 or 27 for tumor weight evaluation (N=4 for each treatment group at each time-point). At day 5, VEGF Trap caused xenograft growth delay in both Fc and BowAng1 pre-treated mice as compared to Fc treated controls (3.8±1.2 g and 4.2±2.2 g respectively, vs. 5.9±0.9 g). By day 27, tumors in VEGF Trap treated mice showed partial regression (solid circles, 2.7±0.5 g, P=0.043, as compared to Fc treated mice, unfilled circles) consistent with our previous data (18) . Strikingly, BowAng1 + VEGF Traptreated xenografts were comparable to the Fc-treated controls (7.8±1.9 g vs. 9.1±1.6 g, solid triangles), indicating that sustained delivery of Ang-1 prevents regression by VEGF Trap.
